Abstract. Mirror therapy is a therapy to treat patients with pain syndromes or hemiparesis after stroke. However, the underlying neurophysiologic mechanisms are not clearly understood. In order to determine the effect of a mirrorlike illusion (MIR) on brain activity using functional near-infrared spectroscopy, 20 healthy right-handed subjects were examined. A MIR was induced by a digital horizontal inversion of the subjects' filmed hand. Optodes were placed on the primary motor cortex (M1) and the occipito-parietal cortex (precuneus, PC). Regions of interest (ROI) were defined a priori based on previous results of similar studies and confirmed by the analysis of effect sizes. Analysis of variance of the ROI signal revealed a dissociated pattern: at the PC, the MIR caused a significant inversion of a hemispheric lateralization opposite to the perceived hand, independent of the moving hand. In contrast, activity in M1 showed lateralization opposite to the moving hand, but revealed no mirror effect. These findings extend our understanding on interhemispheric rivalry and indicate that a MIR is integrated into visuomotor coordination similar to normal view, irrespective of the hand that is actually performing the task.
Introduction
The mirror illusion describes a phenomenon where movements of one limb are perceived as movements of the opposite one. In recent years, evidence for a therapeutic use of the mirror illusion ("mirror therapy") has increased significantly, 1, 2 especially for the treatment of limbs affected by pain syndromes [3] [4] [5] or hemiparesis after stroke. 6 In spite of its increasing clinical popularity, the presumed cortical mechanisms of the mirror illusion and mirror therapy remain not satisfactorily understood. 7, 8 In normal subjects, inversion of the visual feedback has already been shown to lead to an activation of the hemisphere ipsilateral to the moving hand. [9] [10] [11] [12] [13] However, in these studies, a change of activity in the ipsilateral primary motor cortex (M1) could not been established consistently. Similarly, studies using transcranial magnetic stimulation did not show consistent increase of cortico-muscular excitability due to the mirror illusion. [14] [15] [16] Apart from M1, Dohle and coworkers suggested an involvement of the precuneus (PC) of either hemisphere. 10, 11 This area was also found to be activated in stroke patients under mirrored visual feedback only during bimanual movements. 17 One of the reasons for this heterogeneity of these results might be the heterogeneity in the chosen methodological approach to implement the mirror illusion. Some studies employed a real mirror and instructed participants to change their direction of gaze. 14, 18 Other studies employed the so-called "mirror box" which provides the image of two hands moving simultaneously. 12 We, thus, decided to investigate this issue in a systematic fashion. In accordance with previous fMRI studies, 10, 19 we made use of a video setup in order to establish a mirror-like illusion (MIR), allowing a systematic, randomized variation of the visual feedback. In order to allow subsequent studies for comparison of these effects with that of a real mirror, functional near-infrared spectroscopy (fNIRS) was selected for registration of brain activity. fNIRS allows the registration of the hemodynamic response in predefined brain regions. Because of its ease of application and portability, the method is a promising alternative to fMRI in clinical trials. [20] [21] [22] [23] [24] In accordance with the above-mentioned studies, it was expected that this MIR would increase activation of the PC ipsilateral to the moving hand, i.e., contralateral to the perceived hand. In addition, we expected that-as in the majority of other studies-we would not detect any differences in the activity of M1 due to the MIR.
Material and Methods

Subjects
Twenty right-handed healthy subjects (five females, 21 to 40 years old; mean age 27.7) without any history of neurological or psychiatric disorders were investigated. Handedness was assessed by the German version of the Edinburgh Handedness Inventory. 25 The participants were employees or students of the Charité and participated voluntarily in the experiment with financial compensation. The study was approved by the Ethics Committee of the Charité-Universitätsmedizin Berlin, and all subjects gave informed consent prior to the experiment.
Experimental Design
Mirror therapy has been applied using different setups. Originally a "mirror box" was used, which provides the visual image of two hands moving simultaneously.
3 Subsequent studies mainly employed a real mirror located at the patients' midsagittal plane. 15 In order to allow a systematic and randomized variation of the seen and moved hand without changing other cofactors, we implemented a mirror-like paradigm in accordance with the previous study of Dohle et al. 10 by means of a video chain (Fig. 1) . The lateralized cerebral activation elicited by this setup was not shown to be confounded by hemifield stimulation. 19 Subjects had to either hold their hand static or perform a finger-thumb opposition movement sequence under visual control. Subjects could not see their hand directly, as it was covered by a black paperboard in front of them, but viewed it via a video chain. The subject's hand was filmed online with a video webcam (Logitech Webcam Pro 9000). By means of a software package (Logitech Webcam Software v1.1, frame rate: 50 Hz), the image was displayed in real time on a screen (Acer, 1280 × 1024 pixel, frame rate: 60 Hz) in front of the subjects with 0-deg eccentricity. Thus, the delay was maximal 20 ms which is well below the threshold of subjective awareness. 26 The distance between subject and screen was approximately 55 cm. The size of the outer frame was 15 × 20 cm (640 × 480 pixel). The size of the online film of the hand was individually different, because we adopted this to the real size of the subject's hand, but for all subjects it fitted into the outer frame, which means the stimulus was not bigger than 15 × 20 cm, i.e., not bigger than 21-deg horizontal and 16-deg vertical visual angle.
There were two movement tasks: The first one ("movement") consisted of moving the thumb and the index finger sequentially at three different opposition distances. The opposition distances reached from just not touching both fingers to maximal comfortable distance and movement sequences were performed at an individually chosen rate of approximately 1 Hz. The second task ("static") consisted of holding the hand in a static posture with the thumb and index finger opposing each other at a distance of a few millimeters. Both finger movement tasks were demonstrated and explained verbally by the investigator. During these tasks, the filmed image of the hand could be inverted horizontally in such a way that the subjects' right hand appeared as if it was their left hand and vice versa ("mirror"). With the horizontal inversion of the video image, either normal visual feedback (NOR) or a MIR could be induced. This results in the following four randomized presented conditions:
• Finger movements, normal (movement, NOR)
• Finger movements, mirrored (movement, MIR)
• No movements, normal (static, NOR)
• No movements, mirrored (static, MIR).
As previous studies showed no effect of the MIR neither on eye movements 10 nor on muscle activity, as assessed with electromyography, 18 ,27 these parameters were not recorded in this experiment.
For each hand, a total number of 80 trials under these four conditions were arranged in randomized sequences. Each trial was initiated by an acoustic cue ("start" or "stop") and lasted 10 s followed by a rest period with an average duration of 15 s (jittered from 10 to 20 s), where only a black screen was shown. This rest period served as a baseline for the correction in the analysis. Each condition was presented 20 times, yielding in a total experimental time of 38 min per hand. Each hand was examined separately, and the whole experiment lasted approximately an hour and a half. During the whole experiment, the subjects were instructed to watch the screen, even during the rest period and to focus the hand during the active tasks ("static" and "movement"). The subjects' adherence to the task was ensured by the investigator, who was present during the entire experiment.
By comparing corresponding channels in both hemispheres, a 2 × 2 × 2 × 2 study design with the four factors movement (movement/static), mirror (MIR/NOR), hand (left/right), and hemisphere (ipsilateral/contralateral to the moving hand) was applied, resulting in 16 different conditions.
fNIRS Data Acquisition
During the experiment, the blood oxygenation at the surface of the subjects' brain was measured with a fNIRS system which offers up to 16 detectors and 16 emitters (NIRScout 16-16, NIRx Medizintechnik GmbH, Berlin, Germany) at two wavelengths (850 and 760 nm). Based on previous findings on the role of the PC during movement mirroring, 10, 11 we chose fiber optode positions to cover the bilateral occipito-parietal and precentral areas of the subject's head, providing a total of 38 useful channels where source and detector were placed at a distance of between 2.5 and 3 cm from each other. This arrangement is shown in Fig. 2 . To guarantee optimal safety in optode localization and convenience for the subjects, the emitters and detectors were integrated into a commercially available EEG cap (www.easycap.de) with 128 possible positions. fNIRS data were continuously sampled at 3.13 Hz.
Preprocessing of fNIRS Data
Data analysis was performed using software routines employing the software packet Matlab (Mathworks Inc., Natick, Massachusetts, version 7.5.0.342 R2007b). fNIRS data were corrected for movement artifacts by a semiautomated approach, which replaces contaminated data segments by linear interpolation. 28 Subsequently, attenuation changes of both wavelengths were transformed to concentration changes of oxy-and deoxygenated hemoglobin (HbO and HbR) using a modified Beer-Lambert law [differential pathlength factors: 5.98 (higher wavelength: 850 nm), 7.15 (lower wavelength: 760 nm), extinction coefficients for HbO 2.53/1.49 (higher/lower wavelength) and HbR 1.80/3.84 (higher/lower wavelength), and an interoptode-distance of 3 cm]. 29 Data were then band-pass filtered between 0.2 and 0.016 Hz (using a 3rd order Butterworth filter) to attenuate for heartbeat, breathing-related changes, and drifts.
For effect estimation, a general linear model (GLM) was run in all subjects. Regressors were composed by convolution of stimulus onset and length with a hemodynamic response function. 30 For each subject, condition and channel, the GLM provided two beta values (for HbO and HbR, respectively), indicating the strength of the modulation of the hemodynamic response. It should be noted that the stronger activity is indicated by positive beta values for HbO and by negative beta values for HbR.
31,32
Definition of the Regions of Interest
For visual inspection and demonstration, we employed the freeware MATLAB toolbox NFRI (http://brain.job.affrc.go.jp/tools/) described by Singh et al., 33 which takes EEG 10 to 20 positions as references to estimate the brain regions underlying the channel locations. This toolbox also enables statistical results for each channel to be plotted on the surface of a schematic brain (already used for Fig. 2) .
Regions of interest (ROI) were defined corresponding to the activation foci of the above-mentioned studies: in the occipitoparietal cortex (PC), the three channels displayed in Fig. 3(a) , right sides were chosen (further referred to as "PC-ROI") for both hemispheres [i.e., for the left hemisphere (LH): channel numbers 23, 24, and 31; for the right hemisphere (RH): channel numbers 25, 26, and 32; see also Fig. 2 ]. The M1-ROI was defined as channels around EEG positions C3 and C4, known to cover the precentral regions of the brain. 34 Therefore, the four midsagittal channels on either hemisphere were selected (i.e., for the LH: channel numbers 1, 2, 7, and 8; for the RH: channel numbers 3, 4, 9, and 10; see also Fig. 2 ). This selection was in agreement with the analysis of statistical effect sizes (see Appendix).
Time Courses
For both ROIs, baseline-corrected time courses were calculated averaged across subjects and smoothed (moving window of 10 s) for the MIR and NOR conditions separately.
Statistical Analysis
Statistical analysis was performed with the software packet PASW Statistics (SPSS Inc., Chicago, Illinois, version 18.0.0). For statistical group analysis, a repeated measure four-way analysis of variance (ANOVA) with the factors movement (movement/static), mirror (MIR/NOR), hand (left/right), and hemisphere (ipsilateral/contralateral) was conducted for the mean beta values of the ROIs. As M1 activation is much greater in the movement condition compared with the static condition, 10 a further three-way repeated measures ANOVA with the factors mirror (MIR/NOR), hand (left/right), and hemisphere (ipsilateral/contralateral) was applied on the mean beta values of the M1-ROI for the trials with movement only. Level of significance was always set at p < 0.05. The ANOVA analysis was not corrected for multiple-comparison. Post-hoc analysis was performed using paired t-tests for all significant interactions of the ANOVAs. As the ANOVA is classified as a so called Omnibus test, the post-hoc tests were not Bonferroni corrected. 35 3 Results
Effects at the PC-ROI
Baseline-corrected time courses for the PC-ROI are shown in Fig. 4 , upper panel. In the hemisphere ipsilateral to the moving hand, we observed a stronger change in concentration of both HbO and HbR (Fig. 4 , left side) in the MIR condition compared with the NOR condition. This difference peaks at about 10 s after stimulus onset. In contrast, in the hemisphere contralateral to the moving hand (Fig. 4, right side) , there is a less concentration change in the MIR compared with the NOR condition for both wavelengths.
Mean beta values for the PC-ROI are shown in Fig. 5(a) 
Effects at the M1-ROI
Baseline-corrected time courses for the M1-ROI are shown in Fig. 4 , lower panel. There is only a slight difference in the change of concentration in both hemispheres for the MIR compared with the NOR condition for HbO and almost no difference between both conditions for HbR (Fig. 4, lower  panel, left and right) .
Mean beta values for the M1-ROI are shown in Fig. 5 The three-way ANOVA of the static trials (discarding the movement trials) showed no significant effects.
Discussion
The aim of the present study was to systematically examine the neural correlates of a MIR with fNIRS. As described in previous studies with a similar setup 10, 11 or a real mirror, 17 we found an increase of activation of the hemisphere ipsilateral to the moving hand for the PC-ROI for HbO. In extension to the above-mentioned studies, however, we also found a decrease of activation of the hemisphere contralateral to the moving hand. The effect for the PC-ROI for HbR was similar, but failed to reach statistical significance. In contrast to the activation pattern of the PC, activity in M1 was only modulated by the side of the hand that is actually moved, but not by the visually perceived hand.
In extension to previous findings, our results show that a MIR does not simply induce increased activation ipsilateral to the moving hand as expected, but also decreased activation contralateral to the moving hand. Furthermore, our results show that in the NOR condition there is more activation in the contralateral hemisphere compared with the ipsilateral. This indicates that the presentation of a right or a left hand elicits a hemispheric lateralization in the PC opposite to the seen hand-irrespective of the hand that is actually moved. This lateralization is inverted by the MIR: in the MIR condition, there is more activation in the ipsilateral hemisphere compared with the contralateral.
In the present study, the ANOVA of the PC-ROI revealed an interaction of the factor mirror and hemisphere, but no significant difference in the post-hoc testing. This indicates that activation differences in the ipsilateral and contralateral hemisphere do not occur independently, but in parallel: as an effect of the MIR, activation in the ipsilateral hemisphere increases as the activation in the contralateral hemisphere decreases. These results extend previous results of a higher activation level in the ipsilateral hemisphere due to a mirror. [10] [11] [12] 19 In those studies, no significant change in activation was found in the contralateral hemisphere during the inverse comparison (NOR versus MIR). This might be due to a threshold effect: as Fig. 5(c) (right side) suggests, the interhemispheric difference is slightly higher for the MIR condition as compared with the NOR condition. Thus, possibly, the reverse comparison might simply not have surpassed the threshold of significance in the studies of Dohle and Matthys. [10] [11] [12] In extension of these studies, our results indicate that the processing of the visual image of a moving hand relies on a balance between both hemispheres, just similar to that reported for primary motor cortices. 36 In summary, the present study using near-infrared spectroscopy demonstrated bilateral activation in M1-and PC-ROI with dissociated lateralization patterns: while motor cortex activity is lateralized opposite to the moving hand, the PC activity is lateralized opposite to the visually perceived hand. These patterns seem to be independent of each other. These findings indicate that the MIR in our paradigm should not be regarded as an isolated phenomenon. Rather, at least at the level of the PC, inversion of the visual feedback seems to be integrated into visuomotor behavior in the same way as processing of regular nonmirrored movements.
Nevertheless, there are some limitations of the present study. One might argue that the use of a video chain might weaken the strength of the mirror illusion compared with the use of a real mirror. However, the use of a real mirror introduces two variations at the same time: first, a right hand is perceived as a left one and vice versa; second, a movement to the right appears as a movement to the left and vice versa. 37, 38 There is a good evidence that these two transformations are processed independently. 11 Thus, we decided to use the video setup, allowing Table 1 Mean beta values and standard errors (in brackets) for PC-ROI (top rows) and M1-ROI (bottom rows). Left column: mean beta values for HbO. Right column: mean beta values for HbR. isolated and randomized variation of visual feedback of the moving hand. By this approach, the possible confounder was present in all conditions. Admittedly, however, our setup lacks an overlap between visual feedback and proprioceptive knowledge of the actual hand position, which is considered as crucial for the effect of mirror therapy by some authors. 39, 40 In spite of this incongruence, however, the subjects in our study reported to have experienced a mirror illusion. Further studies are necessary in order to compare the effect on brain activation of this setup with that of a similar one with a more congruent position of the subject's own hand and video screen or even with a real mirror. However, it should be noted that this comparison is only possible with a fNIRS system, which has hardly any limitation of head and body position. Besides, our study cannot exclude that no other regions or structures of the brain are involved in the processing of the mirror illusion, as only a limited region of the brain could be covered with optodes. Especially, some authors claim the mirror neuron system (MNS) to be involved, i.e., neural structures that are involved both in movement execution and observation of other's movements. 12, 41 Our results cannot exclude these theories. However, an involvement of the MNS in processing of the mirror illusion has never been shown explicitly. Contrary, our study is now the fourth one demonstrating change of activity in the PC by inversion of the visual image of a moving limb. 10, 11, 19 Furthermore, a recent study could show distinct neural mechanisms of movement observation and movement mirroring, finding no distinct activation of the MNS by the mirror illusion. 19 Furthermore, we cannot fully exclude the possibility that the negative effect on M1 might be at least in part due to insufficient coverage of M1. However, the clear movement effect at the M1-ROI demonstrates that relevant parts of the primary cortex were registered. Ultimately, a further experiment with broader coverage of M1 might be suitable to resolve this question.
HbO HbR
PC-ROI
Although we carefully chose the paradigm (e.g., long and jittered interstimulus intervals) to prevent extracerebral contamination 42, 43 of our data and corrected for movement artifacts, this issue could be enhanced by using a multidistance approach. [44] [45] [46] [47] Such an approach needs dense fiber arrangements, and thereby would cause a further limitation of the researched brain areas or an increased number of fibers, which is accompanied by longer preparation times and not suitable for patients.
Our findings are not only important for the understanding of visuomotor behavior, but they might also help to understand and optimize the effect of the mirror therapy. Even considering the fact that our video setup bears some confounders (as discussed above), our findings can be interpreted such that activity in the PC does not depend on the hand that is actually used. This would imply that, if active movements are possible with both limbs, the effect of mirror therapy would not differ from training with direct view on the affected limb. This was confirmed by a recent systematic review using Cochrane methodology, which found a significant effect of mirror therapy only compared with therapies without view, but not with unrestricted view on the affected limb. 6 For rehabilitation of a plegic limb, however, mirror therapy provides a real advantage. 48 Furthermore, the lack of direct increase of activation at the primary motor cortex supports the clinical finding that mirror therapy is only effective for rehabilitation of motor function when applied over a rather long time, stimulating reorganization processes (presumably mediated via the PC). This seems to be different for the effect of mirror therapy for rehabilitation of pain syndromes, where effects are observed on a much shorter time range. 3 Finally, apart from its relevance for understanding the effect of the mirror illusion, the findings of the study might lead to new applications of fNIRS in the field of neurological rehabilitation. In our study, we successfully established a mirror-like paradigm during brain activity measurement, comparable with previous fMRI studies. As detailed above, further studies are now possible to compare these findings to those setups with more congruent anatomical positions or even application of a real mirror. Ultimately, this type of experiments might help to validate findings of rather restricted fMRI studies in comparison with realworld settings.
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Appendix: Calculation and Mapping of Statistical Effect Sizes
To further validate the defined ROIs in the PC and primary motor area, we calculated statistical effect sizes using Cohen's d as defined by Cohen 49 for each channel. Our previous studies indicated no differences in activation regarding the hemispheres when comparing left and right hands. 10, 11 Thus, for the calculation of the statistical effect sizes, beta values (as achieved by the GLM) of the ipsilateral and contralateral hemisphere, respectively, were pooled over the left and right hands.
Effect sizes were defined according to our hypothesis for the ipsilateral hemisphere: positive effect sizes indicate a higher beta value in the MIR condition compared with the NOR condition, whereas negative values indicate a higher beta value in the NOR condition as compared with the MIR condition. As described above, this relation is inverted for the hemodynamic of HbR.
Statistical effect sizes are shown in Fig. 6 . Generally, the effect sizes were rather small, ranging from −0.19 to 0.26 for HbO and −0.21 to 0.18 for HbR. For the hemisphere contralateral to the moving hand, it is noteworthy that for HbO, only three of all occipito-parietal channels in the contralateral hemisphere show negative effect sizes. These are the same channels as in the a priori defined PC-ROI [LH: channel numbers 23, 24, and 31; RH: channel numbers 25, 26, and 32; Figs. 2 and 3(a) , right side]. For HbR in the contralateral hemisphere, two of these three channels have the largest effect sizes (d ¼ 0.18 and 0.14) of all the channels. In the ipsilateral hemisphere, for HbO, one out of these three ROI channels has the second largest positive effect size (d ¼ 0.14) in the entire occipito-parietal area (LH: channel number 24; RH: channel number 25), and for HbR, one out of these three ROI channels has the largest negative effect size (d ¼ −0.21) of all the channels (LH: channel number 31; RH: channel number 32; Figs. 2 and 6 ). These results strongly support the choice of PC-ROI based on functional data of previous studies.
Statistical effect sizes for the MIR in the M1-ROI were not as prominent as for the PC-ROI. All effect sizes of the M1-ROI are near to zero, except one channel in the ipsilateral hemisphere for HbO (d ¼ 0.22; LH: channel number 5; RH: channel number 12). Based on these results, no channels could be identified challenging the preselected M1-ROI. 
